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  Abstract 
Nanometric cutting of single crystal silicon on the different crystal orientations and at a wide 
range of temperatures (300 K-1500 K) was studied through molecular dynamics (MD) 
simulations using two sorts of interatomic potentials, an analytical bond order potential 
(ABOP) and a modified version of Tersoff potential, so as to explore the cutting chip 
characteristics and chip formation mechanisms. Smaller released thermal energy and ODUJHU
YDOXHV RI FKLS UDWLR UDWLR RI WKH XQFXW FKLS WKLFNQHVV WR WKH FXW FKLS WKLFNQHVV DV ZHOO DV
VKHDUSODQHDQJOHZHUHREWDLQHGZKHQFXWWLQJZDVSHUIRUPHGDWKLJKHUWHPSHUDWXUHVRURQWKH
 FU\VWDO SODQH LPSO\LQJ DQ HQKDQFHPHQW LQ PDFKLQDELOLW\ RI VLOLFRQ 1RQHWKHOHVV the 
subsurface deformation depth was observed to become deeper under the aforementioned 
conditions. Further analysis revealed a KLJKHUQXPEHURIDWRPVLQWKHFKLSZKHQFXWWLQJZDV
LPSOHPHQWHGRQWKHFU\VWDOSODQHDWWULEXWDEOHWRWKHORZHUSRVLWLRQRI  WKHVWDJQDWLRQ
UHJLRQZKLFKWULJJHUHGOHVVSORXJKLQJDFWLRQRIWKHWRRORQWKHVLOLFRQVXEVWUDWHRegardless 
of temperature of the substrate the minimum chip velocity angle was found while cutting the 
(111) crystal plane of silicon substrate whereas the maximum chip velocity angle appeared on 
the (110) surface. A discrepancy between the two potential functions in predicting the chip 
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velocity angle was observed at high temperature of 1500 K, resulting from the overestimated 
phase instability and entirely molten temperatures of silicon by the ABOP potential. Another 
key observation was that WKHUHVXOWDQWIRUFHH[HUWHGE\WKHUDNHIDFHRIWKHWRRORQWKHFKLS
ZDVIRXQGWRGHFUHDVHE\ZKHQFXWWLQJVLOLFRQRQWKHVXUIDFHDW.FRPSDUHG
WR WKDW DW URRP WHPSHUDWXUH %HVLGHV VPDOOHU UHVXOWDQW IRUFH IULFWLRQ FRHIILFLHQW DW WKH
WRROFKLSLQWHUIDFHDQGFKLSWHPSHUDWXUHZDVZLWQHVVHGRQWKHRULHQWDWLRQDVRSSRVHGWR
WKHRWKHURULHQWDWLRQV 
 
Keywords: Molecular dynamics; Cutting chip; Single crystal silicon; Nanometric cutting; 
Elevated temperatures 
 
1. Introduction 
In nanometric cutting of single crystal silicon, the cutting edge of the tool penetrates into the 
substrate surfaces, which are therefore plastically deformed and slide off along the rake face 
of the cutting tool at a constant velocity in a stationary flow, resulting in chip formation. 
Hence, the relative movement of the cutting tool and substrate leads to removing a layer of 
atoms (chip) from the substrate. The processes in chip formation can be examined within the 
orthogonal plane, since essential parts of the material flow take place within this plane. The 
major portion of the plastic deformation during chip formation occurs in the primary shear 
zone. The substrate atoms are deformed under the action of high friction forces in the 
secondary shear zones in front of the rake face and the flank face [1]. As the nanometric 
cutting process involves removing few atomic layers from the surface, it is very difficult to 
observe the cutting process and measure the process parameters directly from the 
experiments. Consequently, investigation of atomistic processes occurring at such small 
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length scales is more amenable to molecular dynamics (MD) simulation [2-3]. Despite the 
great enthusiasm in exploring nanometric cutting of silicon using MD simulation [4], the 
current pool of knowledge on the nanometric cutting of silicon at elevated temperatures is 
still sparse. Single crystal silicon, DVDKLJKO\DQLVRWURSLFPDWHULDOLQSK\VLFDODQGPHFKDQLFDO
SURSHUWLHV is a kind of brittle material at room temperature owing to its sp3 bonding, 
relatively short bonding length and diamond cubic lattice structure, which make it a difficult-
to-cut material. Under high temperature conditions, the yield strength, hardness and fracture 
toughness of the silicon substrate would reduce and the plastic deformation enhances, which 
will facilitate the machining process of such difficult-to-cut engineering material. 
Chip related phenomena refer to the complex phenomena encountered in nanometric cutting 
such as behaviour of the work material, required specific energy and degree of interaction at 
the tool/chip interfaces. Appreciation of chip related phenomenon is thus indispensable to 
acquire a wide picture of nanometirc cutting of silicon at different temperatures and to clarify 
what occurs around the cutting edge when the chip is generated at high temperatures. This 
study therefore aims at applying MD simulation by using two types of interatomic potential 
functions, an analytical bond order potential (ABOP) [5] and a modified version of the 
Tersoff [6], to explore chip related phenomena on the tool/chip interface during nanometric 
cutting of single crystal silicon on three crystallographic orientations i.e. the (010), (110) and 
the (111) at a range of machining temperatures from 300 K to 1500 K. The unique 
application of the two potential functions was based on the fact that the modified Tersoff [6] 
was developed to overcome the shortcomings of the original Tersoff function [7-8] which 
overestimates the melting point of silicon while the ABOP [5] is more robust in accurately 
describing the bulk and dimer properties of silicon with a poor prediction of melting point. 
Indeed, the poor estimation of melting point is a common problem intrinsic to bond order 
potentials for semiconductors. 
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2. MD simulation methodology 
7KHWKUHH-GLPHQVLRQDO0'PRGHOXVHGLQWKLVVWXG\LVLOOXVWUDWHGLQ)LJ. 7KHJHRPHWULFDO
GHWDLOVDQGSURFHVVSDUDPHWHUVDUHJLYHQLQ7DEOH7KHSHULRGLFERXQGDU\FRQGLWLRQ3%&
LVimposedDORQJWKH]GLUHFWLRQof the simulation domain for the sake of reducing the effects
RIVLPXODWLRQVFDOHDQGWRPLPLFWKHSODQH-VWUHVVFRQGLWLRQ. 7KHVLOLFRQDWRPVLQWKHVXEVWUDWH
DQGFDUERQDWRPVLQWKHFXWWLQJWRRODUHGLYLGHGLQWR1HZWRQLDQDWRPVWKHUPRVWDWDWRPVDQG
ERXQGDU\DWRPV7ZROD\HUVRIDWRPVDWWKHERWWRPDQGVLGHRIWKHVLOLFRQZRUNSLHFHLQWKH\
DQG[GLUHFWLRQVDUHERXQGDU\DWRPVZKLFKDUHLPPRYDEOHWRHQVXUHVWUXFWXUHVWDELOLW\DQGWR
SUHYHQW WKH VXEVWUDWH IURP PRYLQJ 7KH WZR OD\HUV DERYH WKH ERXQGDU\ DWRP OD\HUV DUH
WKHUPRVWDWDWRPVDQGDUHXVHGWRSURYLGHDGHTXDWHRXWZDUGKHDWFRQGXFWLRQDZD\IURPWKH
FRQWUROYROXPH7RWKLVHQGD%HUHQGVHQWKHUPRVWDWLVHPSOR\HG7KHWKLUGFDWHJRU\RIDWRPV
LQ VLOLFRQ ZRUNSLHFH LV FDOOHG 1HZWRQLDQ DWRPV ZKLFK DUH DOORZHG WR IROORZ WKH
PLFURFDQRQLFDO 19( G\QDPLFV LQ DFFRUG ZLWK WKH URXWLQH 0' SULQFLSOHV The velocity 
Verlet algorithm with the single time step of 1 fs was employed for the time-marching 
method in the simulations.  
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Fig. 1. Schematic MD simulation model for QDQRPHWULFFXWWLQJ 
 
7DEOH*HRPHWULFDOGHWDLOVDQGSURFHVVSDUDPHWHUVHPSOR\HGLQWKH0'VLPXODWLRQV 
Workpiece material Single crystal silicon 
Workpiece dimensions 38×19×5.4 nm3 
Tool material Single crystal diamond 
Cutting edge radius (tip radius) 3.5 nm 
Uncut chip thickness (cutting depth in 2D) 3 nm 
Cutting orientation and cutting direction Case 1: (010)<100> 
Case 2: (110)<00 ?ത> 
Case 3: (111)< ?ത ?0> 
Rake and clearance angle of the cutting 
tool 
-25° and 10° 
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Workpiece temperature 300 K, 500 K, 750 K, 850 K, 1173 K and 
1500 K 
Cutting speed 50 m/s 
Time step 1 fs 
Potential energy function ABOP [5] and modified Tersoff [6]  
 
In MD simulation, interatomic interactions between atoms are commonly introduced by 
empirical potential functions selected properly for the atomic system. The choice of 
interatomic potential is crucial to the accuracy of MD simulation results. 7KHPRVWSRSXODU
ERQGRUGHUSRWHQWLDOIXQFWLRQIRUSUHGLFWLQJPDWHULDOEHKDYLRXURIVLQJOHFU\VWDOVLOLFRQLVWKH
7HUVRII SRWHQWLDO IXQFWLRQ >-@ 7HUVRII SRWHQWLDO HQHUJ\ LV D WKUHH-ERG\ SRWHQWLDO IXQFWLRQ
ZKLFKLVVXLWDEOHIRUFDOFXODWLQJFRYDOHQWLQWHUDFWLRQVRIVLOLFRQDQGFDUERQDWRPV+RZHYHU
<RR HW DO >@ DQG &RRN DQG &ODQF\ >@ UHYHDOHG WKDW WKH RULJLQDO7HUVRII SRWHQWLDO LV QRW
VXLWDEOH IRU VWXG\LQJ WHPSHUDWXUH VHQVLWLYH SKHQRPHQD DV LW RYHUHVWLPDWHV WKH PHOWLQJ
WHPSHUDWXUH RI VLOLFRQ E\ DSSUR[LPDWHO\  KLJKHU DQG XQGHUHVWLPDWHV WKH GHQVLW\ RI WKH
OLTXLGE\QHDUO\ORZHUWKDQWKHH[SHULPHQWDOYDOXHV7KLVPRWLYDWHG$JUDZDOHWDO>@WR
GHYHORS D PRGLILHG YHUVLRQ RI WKH 7HUVRII SRWHQWLDO WR RYHUFRPH WKH DIRUHPHQWLRQHG
VKRUWFRPLQJV. Their modification made Tersoff potential a good choice to study elevated 
temperature processes such as thermal softening behaviour. $QDO\WLFDOERQGRUGHUSRWHQWLDO
$%23SURSRVHGE\(UKDUWDQG$OEH>@LVDQRWKHU SRSXODUSRWHQWLDOIXQFWLRQ IRUGHVFULELQJ
WKH LQWHUDFWLRQV EHWZHHQ WKH DWRPV ZLWKLQ WKH 6L-6L &-& DQG 6L-& ,W LV PRUH UREXVW LQ
GHVFULELQJ WKH GLPHU DQG EXON SURSHUWLHV RI VLOLFRQ RYHU 7HUVRII SRWHQWLDO >-@ DQG LV
UHJDUGHGas a potential function which can accurately describe the mechanical properties of 
silicon. Thus, in this study, both the modified Tersoff and ABOP interatomic potential 
functions are adopted to simulate the nanometric cutting at elevated temperatures and, more 
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importantly, to make a comparison between the simulation results obtained by both the 
potentials. 
The total energy content of the system is affected by the lattice constant; hence, the lattice 
constant can influence the accuracy of the simulation results. The equilibrium lattice constant, 
which is defined as the length of unit cell at the equilibrium volume, ought to be calculated at 
different temperatures for the employed potential functions in order to attain reliable results. 
7R WKLV HQG WKH PLQLPXP SRWHQWLDO HQHUJ\ FRKHVLYH HQHUJ\ FRUUHVSRQGLQJ WR WKH
HTXLOLEULXP ODWWLFH FRQVWDQW >@ RI VLQJOH FU\VWDO VLOLFRQ DQG FDUERQ ZDV FDOFXODWHG DW
GLIIHUHQW WHPSHUDWXUHVZKLFKLVVKRZQLQTable 2. Note that the cohesive energy was time-
averaged over 1 ns. 7KHYDOXHVIRUODWWLFHFRQVWDQWRIGLDPRQGVKRZQKHUHDUHRQO\IRU WKH
VDNH RI LQIRUPDWLRQ DQG ZHUH QRW XVHG GXULQJ WKH VLPXODWLRQ PDLQO\ EHFDXVH LQ DOO WKH
VWXGLHGFDVHV WKHWRROZDVHTXLOLEUDWHGDW.DQGWKHQZHUHDOORZHGWRIROORZWKH19(
G\QDPLFV DV PHQWLRQHG HDUOLHU 7KHUHIRUH WKH ODWWLFH FRQVWDQWV RI  c DQG  c
UHVSHFWLYHO\ZHUHXVHGDVWKHHTXLOLEULXPODWWLFHFRQVWDQWVRIFDUERQIRUPRGLILHG7HUVRIIDQG
$%23SRWHQWLDOIXQFWLRQV 
  
7DEOH9DULDWLRQRI WKH ODWWLFH FRQVWDQW IRU VLOLFRQDQG FDUERQ LQGLDPRQGFXELF VWUXFWXUH
REWDLQHG IURP WKH $%23 >@ DQG PRGLILHG 7HUVRII >@ SRWHQWLDO IXQFWLRQV DW YDULRXV
WHPSHUDWXUHV 
Temperature (K) Single crystal silicon Carbon 
Calculated 
lattice 
constant 
(Å) 
Cohesive 
energy 
(eV) 
Experimental 
lattice 
constant (Å) 
[12] 
Calculated 
lattice 
constant 
(Å) 
Cohesive 
energy 
(eV) 
Experimental 
lattice 
constant (Å) 
[11] 
 
300 
Modified 
Tersoff 
5.436 -4.628  
5.431 
 -  
3.566  
ABOP 5.433 -4.627 3.568 - 
 Modified 5.439 -4.627  3.564 -7.422  
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500 Tersoff 5.434 - 
ABOP 5.436 -4.626 3.569 -7.371 
 
750 
Modified 
Tersoff 
5.443 -4.626  
5.439 
3.566 -7.421  
- 
ABOP 5.439 -4.625 3.571 -7.37 
 
850 
Modified 
Tersoff 
5.444 -4.625  
- 
3.567 -7.420  
- 
ABOP 5.441 -4.624 3.572 -7.369 
 
1173 
Modified 
Tersoff 
5.449 -4.623  
5.449 
3.569 -7.419  
- 
ABOP 5.446 -4.623 3.574 -7.367 
 
1500 
Modified 
Tersoff 
5.454 -4.622  
5.457 
3.572 -7.416  
- 
ABOP 5.451 4.620 3.576 -7.366 
 
,QRUGHUWRHQVXUHWKDWWKHDWRPVRIWKHWRRODUHIDUIURPWKHHTXLOLEULXPFXW-RIIUDQJHRIWKH
6L-&LQWHUDFWLRQZKLFKLVLQWKHUDQJHRIWRc>-@DWWKHEHJLQQLQJRIVLPXODWLRQ
WKHGLDPRQGWRROLVVHWDWDGLVWDQFHRIcIURPWKHVXEVWUDWH7KHQWKHPRGHOLVSHUPLWWHG
WRUXQIRUSVVRDVWRUHOD[WKHV\VWHPWRWKHVSHFLILHGWHPSHUDWXUH$OWKRXJK the role of 
environment particularly the oxygen is vital during nanometric cutting experiments, the 
simulations are still conducted in the vacuum and no chemical reaction and formation of 
oxide layer is considered here iQ RUGHU WR VLPSOLI\ WKH 0' PRGHO DQG SXUHO\ H[SORUH WKH
WHPSHUDWXUHLQIOXHQFHRQWKHFKLSUHODWHGSKHQRPHQD. This can be regarded as a limitation of 
the simulation studies carried out in this paper. Moreover, GXH WR WKH OLPLWDWLRQ RI
FRPSXWDWLRQDO SRZHU FXWWLQJ VSHHG RI  PV LV FKRVHQ LQ WKH VLPXODWLRQ WULDOV DV LW LV
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H[WUHPHO\FRPSXWDWLRQDOO\GHPDQGLQJWRLPSOHPHQWSDUDPHWULFLQYHVWLJDWLRQVDWUHDOFXWWLQJ
VSHHGVLHWRPV7RSHUIRUPWKHVLPXODWLRQVDSXEOLF-GRPDLQFRPSXWHUFRGHNQRZQDV
³ODUJH-VFDOHDWRPLFPROHFXODUPDVVLYHO\SDUDOOHOVLPXODWRU´/$0036>@ZDVHPSOR\HG
RQD+LJK3HUIRUPDQFH&RPSXWHU+3&VHUYLFHZKLFKZDVFRXSOHGZLWK2SHQ9LVXDOL]DWLRQ
7RRO29,72>@WRYLVXDOLVHDQGSRVW-SURFHVVWKHDWRPLVWLFGDWD 
 
3. Results and discussions 
3.1. Chip formation process and mechanisms 
,Q QDQRPHWULF FXWWLQJ VXEVWUDWH DWRPV DGMDFHQW WR WKH WRRO WLS DUH VXEMHFWHG WR WKH KLJK
FRPSUHVVLYH HQHUJ\ UHVXOWLQJ LQ IRUPLQJ KLJKO\ GLVSODFHG DQG GLVRUGHUHG DWRPV $V WKH
FXWWLQJWRRODGYDQFHVWKHSODVWLFDOO\-GHIRUPHGDWRPVQHDUWKHWRROWLSSLOHXSLQIURQWRIWKH
WRRO WLS OHDGLQJ WR WKH IRUPDWLRQ RI FXWWLQJ FKLSV 7KH DWRPV DERYH WKH VWDJQDWLRQ UHJLRQ
VKRZQLQ)LJDUHVHSDUDWHGIURPWKHVXEVWUDWHDQGIORZXSZDUGRQWKHUDNHIDFHRIWKH
FXWWLQJ WRRO DQG DFFXPXODWH LQ IURQW RI WKH WRRO UDNH IDFH DQG FRQVHTXHQWO\ IRUPLQJ WKH
FXWWLQJ FKLSV7KH DWRPV EHORZ WKH VWDJQDWLRQ UHJLRQ FRPSUHVV GRZQZDUG E\ WKH WRRO WLS
OHDGLQJ WR WKH FUHDWLRQ RI WKH IUHVKO\ IRUPHG PDFKLQHG VXUIDFH YLD WKH HODVWLF UHFRYHU\
SKHQRPHQRQ7KHSRVLWLRQRI WKLV UHJLRQFDQEH LGHQWLILHG WKURXJK WKHPHDVXUHPHQWRI WKH
DYHUDJHGLVSODFHPHQWRIZRUNSLHFHDWRPVLQWKH\GLUHFWLRQLQGLIIHUHQWOD\HUV,IWKHDYHUDJH
GLVSODFHPHQWRIRQH OD\HU LV SRVLWLYH ZKHUHDV WKDW RI WKH OD\HU XQGHUQHDWK LV QHJDWLYH WKLV
UDQJHFDQEHUHFRJQL]HGDVWKHVWDJQDWLRQUHJLRQ>@ 
,WLVEHOLHYHGWKDWWKHFKLSVDUHIRUPHGEDVHGXSRQDQH[WUXVLRQ-OLNHSURFHVVWULJJHUHGE\WKH
HIIHFWLYH UDNH DQJOH RI WKH FXWWLQJ WRRO >@ 7KH H[WUXVLRQ-OLNH PHFKDQLVP PLJKW EH D
FRQVHTXHQFHRISUHVVXUHGURSRZLQJWRDULVHLQWKHFRQWDFWDUHDIURPWKHWRROWLSWRZDUGV
WKHUHJLRQRIWKHFXWWLQJHGJH>@)LJGHPRQVWUDWHVWKHGLVSODFHPHQWYHFWRURIFKLSDWRPV
LQ WKH ;< SODQH RQ WKH GLIIHUHQW FU\VWDOORJUDSKLF RULHQWDWLRQV 7KH GLVSODFHPHQW YHFWRU RI
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HDFKDWRPZDVFDOFXODWHGE\VXEWUDFWLQJLWVSRVLWLRQLQWKHUHIHUHQFHFRQILJXUDWLRQIURPWKH
DWRP
V SRVLWLRQ LQ WKH FXUUHQW FRQILJXUDWLRQ LH DW D FXWWLQJ GLVWDQFH RI  QP 7KH FKLS
IRUPDWLRQPHFKDQLVPLQQDQRPHWULFFXWWLQJRIVLQJOHFU\VWDOVLOLFRQRQWKHFU\VWDOSODQH
FRPSULVHV WKH H[WUXVLRQ RI WKH ZRUNSLHFH DWRPV LQ WKH FXWWLQJ GLUHFWLRQ >@ DQG WKH
WUDQVYHUVHGLUHFWLRQ DORQJ WKH >@GLUHFWLRQ2WKHUPLOOHU LQGLFHVRIGLUHFWLRQGXULQJFKLS
H[WUXVLRQZKLOHFXWWLQJVLOLFRQRQWKHDQGRULHQWDWLRQVFDQEHWUDFHGIURPWKH)LJ
 
 
 
Fig. 2. A snapshot of MD simulation demonstrating stagnation region and shear plane angle. 
The elemental volume represents the volume of material îî QP considered for 
monitoring the YDULDWLRQV RI WHPSHUDWXUH GXULQJ FKLS IRUPDWLRQ (only 2D representation is 
shown here). 
 
 
 
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  
 
)LJ 'LVSODFHPHQWYHFWRURI FKLS DWRPVDQG WKHLU FRUUHVSRQGLQJDQJOHV LQ WKH;< SODQH
7KHFKLSYHORFLW\DQJOHZDVFDOFXODWHGIRUWKHDWRPVORFDWHGRQWKHULJKWVLGHRIWKHFKLS 
 
)LJDOVRGHPRQVWUDWHV WKHDQJOHRIGLVSODFHPHQWYHFWRUVRIWKHFKLSDWRPVFKLSYHORFLW\
DQJOHZLWKUHODWLYHWRWKHKRUL]RQWDOZKLOHFXWWLQJVLOLFRQRQWKHGLIIHUHQWFU\VWDOSODQHV1RWH
WKDWWKHFKLSYHORFLW\DQJOHZDVFDOFXODWHGRQWKHULJKWVLGHRIWKHFXWWLQJFKLSVKRZQLQ)LJ
IRUDOOWKHFDVHVVLQFHWKHDWRPVRQWKHOHIWVLGHRIWKHFXWWLQJFKLSDUHSURIRXQGO\DIIHFWHG
E\WKHUDNHIDFHRIWKHWRRO)LJGHPRQVWUDWHVWKHYDULDWLRQVRIWKHFKLSYHORFLW\DQJOHZLWK
WKH WHPSHUDWXUH RI WKH VXEVWUDWH ZKLOH FXWWLQJ VLOLFRQ RQ WKH GLIIHUHQW FU\VWDOORJUDSKLF
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RULHQWDWLRQVIt can be seen from Fig. 4  that regardless of temperature of the workpiece the 
minimum FKLS YHORFLW\ angle appears  while cutting  the (111) crystal plane whereas it 
reaches the  maximum while cutting  the (110) surface. Comparing the FKLSYHORFLW\angle at 
different temperatures of the substrate, it can be found that, XVLQJ WKH PRGLILHG 7HUVRII
SRWHQWLDOWKHFKLSYHORFLW\DQJOHVOLJKWO\LQFUHDVHVE\aZLWKWKHULVHRIWKHWHPSHUDWXUH
RI WKH VXEVWUDWH XS WR a . +RZHYHU D UHPDUNDEOH GHFUHDVH LQ DQJOH FDQ EH VHHQ DW
KLJKHU WHPSHUDWXUH LH  .  7P ZKLFK LV QHDU PHOWLQJ WHPSHUDWXUH RI VLOLFRQ
DWWULEXWDEOHWRWKHYHU\ZHDNYDQGHU:DDOVLQWHUDFWLRQVEHWZHHQWKHVXEVWUDWHDWRPVOHDGLQJ
WR WKH PRYHPHQW RI FKLS DWRPV DORQJ WKH FXWWLQJ GLUHFWLRQ UDWKHU WKDQ DORQJ WKH WUDQVYHUV
GLUHFWLRQ 1HYHUWKHOHVV VXFK EHKDYLRXU GLG QRW UHDOL]H ZKHQ WKH $%23 SRWHQWLDO ZDV
HPSOR\HGKHQFHWKHFKLSYHORFLW\DQJOHURVHFRQVWDQWO\ZLWKWKHLQFUHDVHRIWHPSHUDWXUHRI
WKHVXEVWUDWHXS WR.7KHUHDVRQIRUVXFKREVHUYDWLRQFRXOGEH WUDFHGDW WKHPHOWLQJ
SRLQWRIVLOLFRQSUHGLFWHGE\WKH$%23SRWHQWLDO6LQFHWKH$%23SRWHQWLDOHQHUJ\IXQFWLRQ
KDVQRWEHHQSDUDPHWHUL]HGWRSUHFLVHO\UHSURGXFHWKHPHOWLQJSRLQWRIVLOLFRQLWLVOLNHO\WKDW
LW RYHUHVWLPDWHV WKH PHOWLQJ WHPSHUDWXUH RI VLOLFRQ$V D FRQVHTXHQFH VDWLVIDFWRU\ WKHUPDO
VRIWHQLQJZKLFKRXJKWWREHRFFXUUHGDWKLJKWHPSHUDWXUHRI.FDQQRWEHDFKLHYHG$Q
DWWHPSWZDVPDGHVRDVWRFDOFXODWHWKHSKDVHLQVWDELOLW\DQGHQWLUHO\PROWHQWHPSHUDWXUHVRI
VLOLFRQXVLQJWKHRQH-SKDVHPHWKRGZLWKUHIOHFWLYHERXQGDULHVVRDVWRGLPLQLVKWKHK\VWHUHVLV
SKHQRPHQRQ 7KH SKDVH LQVWDELOLW\ DQG HQWLUHO\ PROWHQ WHPSHUDWXUHV RI VLOLFRQ JLYHQ E\
$%23 ZHUH REVHUYHG DW  . DQG  . UHVSHFWLYHO\ ZKLFK DUH IDU DERYH WKH
H[SHULPHQWDOYDOXH.+HQFHDW.YHU\ZHDNLQWHUDWRPLFLQWHUDFWLRQVFDQQRWEH
SUHFLVHO\ GHVFULEHG E\ $%23 ,Q WKH VDPH ZD\ WKH SKDVH LQVWDELOLW\ DQG HQWLUHO\ PROWHQ
WHPSHUDWXUHVRIVLOLFRQSUHGLFWHGE\WKHPRGLILHG7HUVRIIZHUHFDOFXODWHGWREH.DQG
.ZKLFKDUHPRUHFORVHWRWKHH[SHULPHQWDOYDOXHV0RUHGHWDLOVRQWKHFDOFXODWLRQVRI
WKHPHOWLQJWHPSHUDWXUHVFDQEHIRXQGLQ$SSHQGL[$ 
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)LJ&KLSYHORFLW\DQJOHDVD IXQFWLRQRI WHPSHUDWXUHDQGFU\VWDORULHQWDWLRQREWDLQHGE\
WKHPRGLILHG7HUVRIIDQG$%23SRWHQWLDOIXQFWLRQV 
 
3.2. Geometry and characteristics of the chip 
The chip form is a key index of the cutting as it would determine the behaviour of material 
under the cutting action. Fig. 5 demonstrates a representative cross-sectional morphology of 
the cutting chip and subsurface crystal deformation of single crystal silicon while cutting the 
(010) crystal surface at 300 K and 1173 K obtained by the modified Tersoff potential 
function. :KLWH DWRPV LQ WKH ILJXUH VLJQLI\ DWRPV ZKLFK WUDQVIRUPHG IURP WKHLU SULVWLQH
GLDPRQGFXELFVWUXFWXUHWRWKHDPRUSKRXVVWDWH7KHVXEVXUIDFHGHIRUPDWLRQGHSWKVKRZQLQ
)LJ ZDV FDOFXODWHG WKURXJK PHDVXULQJ WKH KHLJKW RI WKH ORZHVW OD\HU RI WKH JHQHUDWHG
DPRUSKRXVDWRPVZKLWHDWRPVXQGHUQHDWKWKHWRRO,QDGGLWLRQWKHGLVWDQFHEHWZHHQDWRPV
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RQXSDQGERWWRPRIWKHFKLSZKHUHWKHFKLSSRVVHVVHVWKHPD[LPXPUDGLXVRIFXUYDWXUHZDV
FRQVLGHUHGDVWKHFKLSWKLFNQHVV 
 
 
D. 

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E. 
)LJCross-sectional morphology of the cutting chip and subsurface crystal deformation of 
single crystal silicon while cutting the (010) crystal orientation. Atoms in ZKLWH FRORXU DUH
DPRUSKRXVDWRPV 
 
 
It can be clearly observed that thinner and taller chip is formed when nanometric cutting is 
implemented at 1173 K. In addition, when nanometric cutting is performed at room 
temperature, the depth of subsurface deformation layer is smaller than that of 1173 K. Thus, 
the deformation depth becomes deeper when the temperature of the substrate rises. As 
mentioned earlier, when the temperature of the substrate increases, the amplitude of atomic 
vibration of the substrate atoms increases, which is considered as an increase in the number 
of phonons. Consequently, atomic displacements are generated which leads to the increase of 
LQWHUDWRPLF GLVWDQFHV EHWZHHQ DWRPV DQG WKXV ZHDNHU LQWHUDWRPLF ERQGLQJ The weaker 
bonding between atoms at higher temperature causes more crystal deformation within 
subsurface atoms. Thus, the layer depth of deformation becomes greater. This particular 
behaviour apparently seems to be common in both single crystal silicon and 3C-SiC [18].  
,WFDQEHREVHUYHGIURP)LJWKDWDVWKHWHPSHUDWXUHRIWKHVXEVWUDWHLQFUHDVHVXSWRa
.WKLQQHUFKLSVDUHSURGXFHGZKLFKLQGLFDWHV WKDW ORZHUFXWWLQJIRUFHVDUHQHHGHGWRIRUP
WKHFKLS1HYHUWKHOHVVDWWHPSHUDWXUHVKLJKHUWKDQa.WKHFKLSVWDUWVWKLFNHQLQJRZLQJ
WR WKH PRUH SLOH-XS RI DWRPV DKHDG RI WKH FXWWLQJ WRRO GXH WR UHODWLYHO\ HDVLHU IORZ RI WKH
VXEVWUDWHDWRPVDWKLJKWHPSHUDWXUHV+RZHYHUWKHFXWWLQJIRUFHDQGVSHFLILFFXWWLQJHQHUJ\
NHHSGHFUHDVLQJDVORQJDVWKHWHPSHUDWXUHRIWKHVXEVWUDWHLVUDLVHG>@6LPLODUWUHQGZDV
ZLWQHVVHG IRU WKH FKLS KHLJKW ZKLFK KDV QRW EHHQ VKRZQ KHUH It is interesting to see that 
while cutting silicon on the (010) plane modelled by the modified Tersoff potential, the chip 
thickness decreases constantly even at high temperature of 1500 K. 
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Fig. 6. Variations of the chip thickness while cutting silicon on different crystallographic 
planes at various temperatures obtained by modified Tersoff and ABOP potential functions 
 
The chip ratio is regarded as a measure of plastic deformation and indeed it is a beneficial 
gauge to indicate machinability characteristics of the substrate, signifying energy consumed 
in nanometric cutting on plastic deformation. A ODUJH PDJQLWXGH RI FKLS UDWLR LPSOLHV OHVV
WKLFNHQLQJ RI WKH FXWWLQJ FKLS WKXV VPDOOHU GHJUHH RI GHIRUPDWLRQ RFFXUV GXULQJ FKLS
IRUPDWLRQ 7KLV VXJJHVWV WKDW OHVV IRUFH RU HQHUJ\ LV UHTXLUHG WR FXW WKH VXEVWUDWH ,W LV
REVHUYHGIURP)LJWKDWLQJHQHUDOWKHFKLSUDWLRLQFUHDVHVZLWKWKHLQFUHDVHRIWHPSHUDWXUH
RI WKH VXEVWUDWH VXJJHVWLQJ WKDW WKH PDFKLQDELOLW\ RI WKH VXEVWUDWH LPSURYHV DW KLJKHU
WHPSHUDWXUHV 0RUH DSSDUHQW ULVH RI WKH FKLS UDWLR LV REVHUYHG LQ )LJ  ZKHQ WKH$%23
SRWHQWLDO IXQFWLRQ LV XVHG $V PHQWLRQHG EHIRUH GXH WR PRUH SLOH-XS RI DWRPV DW KLJKHU
WHPSHUDWXUHVYL].WKHFKLSUDWLRGHFUHDVHVDWWKHVHWHPSHUDWXUHV7KHVDPHVFHQDULR
REVHUYHGLQWKHSUHYLRXVVHFWLRQLVVHHQIRUWKHFKLSUDWLRPRGHOOHGE\WKHPRGLILHG7HUVRII
SRWHQWLDO 
7KHYDULDWLRQRIQXPEHURIWKHDWRPVLQWKHFKLSZLWKWKHWHPSHUDWXUHLVGHPRQVWUDWHGLQ)LJ
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ZKHUHWKHQXPEHURIDWRPVLQWKHFKLSLQFUHDVHVXSWRa.ZKLOHFXWWLQJVLOLFRQRQWKH
DQGSODQHV+RZHYHUZKHQQDQRPHWULFFXWWLQJLVSHUIRUPHGRQWKHSODQH
WKHQXPEHURIDWRPVLQWKHFKLSLQFUHDVHVFRQVWDQWO\XSWR.6XFKWUHQGLVREVHUYHGIRU
ERWKHPSOR\HGSRWHQWLDOIXQFWLRQV0RUHLPSRUWDQWO\XVLQJERWKSRWHQWLDOIXQFWLRQVLQFUHDVH
RIthe subsurface deformation layer depth is observed during cutting at higher temperatures, 
as demonstrated in Fig. 9. The key information from this analysis is that hot machining 
comes at an expense of relative increase in the subsurface deformation. 
  
 
Fig. 7. Variations of the chip ratio while cutting silicon on different crystallographic planes at 
various temperatures obtained by the modified Tersoff and ABOP potential functions 
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Fig. 8. Number of atoms in the cutting chip as a function of temperature and crystal 
orientation obtained by the modified Tersoff and ABOP potential functions 
 
 
Fig. 9. Increase of the subsurface deformation layer depth with temperature on different 
crystal planes 
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$QRWKHU OLJKW FDQ EH EURXJKW E\ WKH )LJV - LV WKH YDULDWLRQ RI WKH DIRUHPHQWLRQHG
SDUDPHWHUVRQ WKHGLIIHUHQW FU\VWDO SODQHV6LQJOH FU\VWDO VLOLFRQ LV KLJKO\ DQLVRWURSLF LQ LWV
SK\VLFDODQGPHFKDQLFDOSURSHUWLHV+HQFHWKHDIRUHPHQWLRQHGSDUDPHWHUVDUHLQIOXHQFHGE\
WKH FU\VWDOORJUDSKLF PLFURVWUXFWXUH RI WKH VXEVWUDWH ,UUHVSHFWLYH WR WKH PDFKLQLQJ
WHPSHUDWXUHWKHODUJHVWFKLSUDWLRLVIRXQGRQWKHRULHQWDWLRQZKLOHWKHVPDOOHVWYDOXH
DSSHDUV RQ WKH  VXUIDFH ,W LQGLFDWHV WKDW PDFKLQDELOLW\ LV KLJKHU ZKHQ QDQRPHWULF
FXWWLQJRIVLOLFRQLVSHUIRUPHGRQWKHFU\VWDOSODQH7KXVWKHFU\VWDOSODQHFDQEH
FRQVLGHUHG DV WKH HDV\ FXWWLQJ RULHQWDWLRQ ZKHUHDV WKH  VXUIDFH LV WKH GLIILFXOW WR FXW
FU\VWDOOLQH RULHQWDWLRQ +RZHYHU )LJ  VKRZV VRPH LQFRQVLVWHQFLHV DW WHPSHUDWXUHV KLJKHU
WKDQa.ZKHQWKHPRGLILHG7HUVRIISRWHQWLDOLVXVHG 
5HJDUGOHVV RI WKH WHPSHUDWXUH RI WKH VXEVWUDWH WKH PD[LPXP QXPEHU RI DWRPV LQ WKH FKLS
ZDV IRXQG ZKLOH FXWWLQJ VLOLFRQ RQ WKH  VXUIDFH ZKHUHDV WKH PLQLPXP QXPEHU ZDV
REVHUYHGRQWKHFU\VWDOSODQH7KLVREVHUYDWLRQPD\EHFORVHO\UHODWHGWRWKHSRVLWLRQRI
WKH VWDJQDWLRQ UHJLRQ GXULQJ FXWWLQJ RQ GLIIHUHQW FU\VWDO SODQHV 2XU SUHYLRXV VWXG\ >@
VKRZHGWKDWZKHQFXWWLQJRIVLOLFRQLVFDUULHGRXWRQWKHFU\VWDOSODQH WKHVWDJQDWLRQ
UHJLRQVKRZQLQ)LJLVORFDWHGXSSHUIURPWKHERWWRPRIWKHWRROWKDQWKRVHRQWKHRWKHU
FU\VWDOSODQHV)RULQVWDQFHZKHQFXWWLQJZDVSHUIRUPHGRQWKHFU\VWDOSODQHDW.
WKHVWDJQDWLRQUHJLRQZDVSRVLWLRQHGDW-QPIURPWKHERWWRPRIWKHWRRODVRSSRVHGWR
- QP IRU WKH  SODQH 7KLV IDFW VXJJHVWV WKDW PRUH DWRPV DUH FRPSUHVVHG WR WKH
PDFKLQHGVXUIDFHDQGOHVVDWRPVIORZXSZDUGRQWKHUDNHIDFHRIWKHFXWWLQJWRROWRIRUPWKH
FKLSV7KLVLPSOLHVWKDWSORXJKLQJGXHWRFRPSUHVVLRQLVPRUHSURQRXQFHGRQWKHSODQH
DQGWKXVDWKLFNHUVXEVXUIDFHGHIRUPDWLRQOD\HULVJHQHUDWHGDVGHPRQVWUDWHGLQ)LJ7KH
FRQYHUVH VFHQDULR RFFXUV ZKHQ FXWWLQJ LV LPSOHPHQWHG RQ WKH  FU\VWDO SODQH RI WKH
VXEVWUDWHZKHUH WKHVWDJQDWLRQ UHJLRQ LVSODFHGDW ORZHUSRVLWLRQ OHDGLQJ WR OHVVSORXJKLQJ
DFWLRQ RI WKH WRRO DQG WKHUHIRUH KLJKHU QXPEHU RI DWRPV LQ WKH FXWWLQJ FKLS DQG UHGXFHG
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subsurface deformation layer depth. +RZHYHU WKHUH PD\ EH VRPH RWKHU XQLGHQWLILHG
SKHQRPHQDLQYROYHGLQWKHFKLSH[WUXVLRQGXULQJQDQRPHWULFFXWWLQJRIVLOLFRQDWURRPDQGDW
KLJK WHPSHUDWXUHV VLQFH WKLVSURFHVV HQFRPSDVVHV FRPSOH[ LQWHUSOD\ DPRQJ DPXOWLWXGH RI
YDULRXV YDULDEOHV VXFK DV DGKHVLYH IRUFHV LQWHUIDFLDO HQHUJLHV DQLVRWURS\ FRQWDFW DUHDV
QXPEHURIGDQJOLQJERQGVGLFWDWLQJWKHQDQRVFDOHIULFWLRQHWF 
 
3.3. Variation of forces and associates parameters exerted by the tool rake face on the chip  
$TXDQWLWDWLYHDQDO\VLVRI WKH IRUFHV DFWLQJRQ WKHFKLS UDNH IDFHFKLS IULFWLRQ VKHDUSODQH
DQJOHFKLSYHORFLW\DQGWHPSHUDWXUHZLOOKHOSREWDLQEHWWHUDSSUHFLDWLRQRIWKHPHFKDQLVPRI
FKLSIRUPDWLRQDQGFKLSPRUSKRORJ\LQKRWQDQRPHWULFFXWWLQJRIVLOLFRQ7KHWDQJHQWLDOIRUFH
ܨ௧ሻQRUPDO IRUFH ܨ௡ሻ DQG UHVXOWDQW IRUFH 5H[HUWHGE\ the rake face on the chip FDQEH
FDOFXODWHGE\ ܨ௧ ൌ  ܨ௫ ൈ ሺߙሻ ൅ ܨ௬ ܨ௡ ൌ  ܨ௫ െ ܨ௬ ൈ ሺߙሻ ܴ ൌ ටܨ௧ଶ ൅ ܨ௡ଶ 
ZKHUH )[ LV WKH WDQJHQWLDO FXWWLQJ IRUFH )\ LV WKH WKUXVW IRUFH DQG Į LV WKH WRRO UDNH DQJOH
VKRZQLQ)LJ$FFRUGLQJO\WKHWRROUDNHIDFHFKLSIULFWLRQFRHIILFLHQWFDQEHREWDLQHGE\ 
ߤ ൌ ி೟ி೙ 
,QGXFWLOHPRGHFXWWLQJWKHYDOXHRIWKHVKHDUSODQHDQJOHFKDUDFWHUL]HVWKHPDFKLQDELOLW\RI
WKHVXEVWUDWHPDWHULDO7KHVKHDUSODQHDQJOHGHVFULEHVWKHSRVLWLRQRIWKHSULPDU\VKHDU]RQH
ZLWKUHVSHFWWRWKHKRUL]RQWDODVGHPRQVWUDWHGLQ)LJ7KXVLWLVEHQHILFLDOWRDVVHVVWKLV
SDUDPHWHU GXULQJ QDQRPHWULF FXWWLQJ 6KHDU SODQH DQJOH ĳ FDQ EH FDOFXODWHG XVLQJ WKH
IROORZLQJHTXDWLRQ ߮ ൌ ݐܽ݊ିଵሺ ௥ൈୡ୭ୱሺఈሻଵି௥ൈୱ୧୬ሺఈሻሻ 
21 
 
ZKHUH U LV WKH FKLS UDWLR >@ Table 1B in Appendix B lists the magnitude of the above-
mentioned parameters obtained from the simulation data in all the test cases at varying 
temperatures and crystallographic planes. $V VKRZQ HOVHZKHUH >@ WKH $%23 SRWHQWLDO
HQHUJ\ IXQFWLRQ LV UREXVW LQ SUHGLFWLQJ IRUFHV DQG IUDFWXUH VWUHVV RI VLOLFRQ 7KHUHIRUH WKH
IROORZLQJ DQDO\VLV LV FDUULHG RXW EDVHG RQ WKH UHVXOWV REWDLQHG E\ WKH $%23 SRWHQWLDO ,W
VKRXOGEHQRWHGKHUHWKDWWKHDYHUDJHYDOXHVRIWKHWDQJHQWLDOFXWWLQJIRUFHVDQGWKUXVWIRUFHV
ZHUH FDOFXODWHG DIWHU WKH WRRO SHQHWUDWHG LQ WKH VXEVWUDWH E\  WR  QP $V D UHVXOW RI
WKHUPDOVRIWHQLQJWKHPDJQLWXGHVRIWKHIRUFHVH[HUWHGE\WKHWRROUDNHIDFHRQWKHFKLSZHUH
REVHUYHG WR GHFUHDVH ZLWK WKH LQFUHDVH RI WHPSHUDWXUH RI WKH VXEVWUDWH IRU DOO WKH
FU\VWDOORJUDSKLFSODQHV3DUWLFXODUO\WKHUHVXOWDQWIRUFHZDVIRXQGWRGHFUHDVHE\ZKHQ
FXWWLQJWKHVXUIDFHDW.FRPSDUHGWRWKDWDWURRPWHPSHUDWXUH0RUHLPSRUWDQWO\
DVHYLGHQFHLQ)LJ WKHPDJQLWXGHVRIUHVXOWDQWIRUFHDQGIULFWLRQFRHIILFLHQWDW WKHUDNH
IDFHFKLSLQWHUIDFHZHUHIRXQGWREHVPDOOHVWZKLOHFXWWLQJVLOLFRQRQLWVFU\VWDOSODQH
ZKHUHDVWKH\ZHUHODUJHVWRQWKHRULHQWDWLRQ,WLVGRFXPHQWHGWKDWWKHVOLSLQGLDPRQG
FXELFODWWLFHLVDQDORJRXVWR)&&FU\VWDOVDQGRFFXUVSUHIHUHQWLDOO\RQWKHVOLSSODQHV
PHDQLQJWKHUHE\WKDWWKHRULHQWDWLRQVKRXOGOHDGWRORZUHVXOWDQWIRUFH$PRUHGHWDLOHG
DQDO\VLVVKRZQLQ)LJUHYHDOHGWKDWWKHPLQLPXPFKLSWHPSHUDWXUHLVIRXQGRQWKH
FU\VWDOSODQHZKLOHWKHPD[LPXPFKLSWHPSHUDWXUHDSSHDUVRQWKHVXUIDFHZKLFKLVLQ
DJUHHPHQW ZLWK WKH DERYH-PHQWLRQHG UHVXOWV ,W FDQ EH DOVR LQIHUUHG WKDW ORZHU YDOXHV RI
IULFWLRQ FRXOG OHDG WR ORZHU FKLS WHPSHUDWXUH ZKLOH FXWWLQJ WKH  FU\VWDO SODQH ,Q
DGGLWLRQPRUHIULFWLRQDWWKHWRROUDNHIDFHFKLSLQWHUIDFHPD\SOD\DUROHLQIRUPLQJWKLFNHU
FKLSVRQWKHRULHQWDWLRQVZKHUHWKHFKLSDWRPVFDQQRWVLPSO\VOLGHRYHUWKHDWRPVRI
WRRO UDNH IDNH UHVXOWLQJ LQ PRUH SLOLQJ XS RI WKH FXWWLQJ FKLS DWRPV$FFRUGLQJO\ WKLFNHU
FXWWLQJ FKLSV DUH REVHUYHG ZKLOH FXWWLQJ VLOLFRQ RQ WKH  SODQH DQG FRQWUDULO\ WKLQQHU
RQHVRQWKHVXUIDFH 
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)LJ9DULDWLRQVRIWKHUHVXOWDQWIRUFHH[HUWHGE\WKHWRROUDNHIDFHRQWKHFKLSDQGIULFWLRQ
FRHIILFLHQW DW WKH WRRO UDNH IDFHFKLS LQWHUIDFH ZKLOH FXWWLQJ VLOLFRQ RQ GLIIHUHQW
FU\VWDOORJUDSKLFSODQHVDWYDULRXVWHPSHUDWXUHVREWDLQHGE\$%23SRWHQWLDOIXQFWLRQ 
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)LJ&KLSWHPSHUDWXUHDVDIXQFWLRQRIVXEVWUDWHWHPSHUDWXUHDQGFU\VWDOVXUIDFH 
 
7KHFKLSYHORFLW\LQQDQRPHWULFFXWWLQJLVGHILQHGDVWKHYHORFLW\RIWKHFKLSUHODWLYHWRWKH
WRRODQGGLUHFWHGDORQJWKHWRROUDNHIDFH$VWKHFKLSYHORFLW\LVDIXQFWLRQRIWKHFKLSUDWLR
U  ௖ܸ௛௜௣ ൌ ݎ ൈ ௖ܸ௨௧௧௜௡௚ ௖ܸ௨௧௧௜௡௚ LV WKHFXWWLQJVSHHG WKXV LW LQFUHDVHVZLWK WKH LQFUHDVHRI
WKHWHPSHUDWXUHRIWKHVXEVWUDWHDQGIROORZWKHVDPHWUHQGREVHUYHGLQ)LJ,QDGGLWLRQWKH
KLJKHVW FKLS YHORFLW\ LV REVHUYHG RQ WKH  FU\VWDO SODQH ZKLOH WKH ORZHVW FKLS YHORFLW\
DSSHDUVRQ WKH VXUIDFH ,W LVZRUWKSRLQWLQJRXW WKDW OHVV IULFWLRQRQ WKH VXUIDFH
FRXOGIDFLOLWDWHWKHVOLGLQJXSPRWLRQRIWKHDWRPVRQWKHWRROUDNHIDFHOHDGLQJWRKLJKHUFKLS
YHORFLW\RQWKLVFU\VWDOORJUDSKLFSODQH 
$V QRWHG HDUOLHU WKH VKHDU SODQH DQJOH LV NQRZQ DV RQH RI WKH LPSRUWDQW SDUDPHWHUV WR
GHWHUPLQH WKH PDFKLQDELOLW\ RI PDWHULDOV 7KLV DQJOH FDQ YDU\ RYHU D IDLUO\ ZLGH UDQJH
GHSHQGLQJRQ WKHFRQGLWLRQV H[LVWLQJGXULQJFXWWLQJ ,QFUHDVHRI WKHVKHDUSODQHDQJOHZLWK
WKHWHPSHUDWXUHRIWKHVXEVWUDWHFDQEHVHHQXSWRa.LQ)LJ$VREVHUYHGEHIRUH
WKH PRGLILHG 7HUVRII VKRZV DOPRVW WKH VDPH WUHQG OLNH $%23 \HW WKH VKHDU SODQH DQJOH
GHPRQVWUDWHVVOLJKWO\GLIIHUHQWSDWWHUQRQWKHSODQH+LJKHUPDJQLWXGHVRIVKHDUSODQH
DQJOHFRUUHVSRQG WR WKHVPDOOHUVKHDUSODQHDUHD LPSO\LQJ WKDW VKHDU WDNHVSODFH LQDPRUH
FRQILQHGDUHDFXOPLQDWLQJLQORZHULQJVKHDUIRUFHVDQGLQWXUQORZHULQJWKHFXWWLQJIRUFHV
+RZHYHURQFHDJDLQVRPHLQFRQVLVWHQF\FDQEHVHHQDWKLJKWHPSHUDWXUHRI.6PDOOHU
VKHDUSODQHDQJOHLVREVHUYHGZKHQKRWQDQRPHWULFFXWWLQJLVFDUULHGRXWRQWKHFU\VWDO
SODQHVLJQLI\LQJWKDWKLJKHUVKHDUIRUFHVDUHUHTXLUHGWRIRUPWKHFKLSRQWKLVFU\VWDOVXUIDFH
+HQFHWKHSODQHRQFHDJDLQFDQEHUHJDUGHGDVWKHGLIILFXOWWRFXWRULHQWDWLRQ2QWKH
FRQWUDU\ODUJHUVKHDUSODQHDQJOHLVZLWQHVVHGZKLOHFXWWLQJVLOLFRQRQWKHFU\VWDOSODQH
PDQLIHVWLQJKLJKHUPDFKLQDELOLW\ ZKLFKFRQILUPV WKDW < ?ത ?0> FU\VWDO VHWXS LV WKH HDV\
FXWWLQJGLUHFWLRQLQDJUHHPHQWZLWKWKHH[SHULPHQWDOUHVXOWV>-@  
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)LJ9DULDWLRQVRIWKHVKHDUSODQHDQJOHZKLOHFXWWLQJVLOLFRQRQGLIIHUHQWFU\VWDOORJUDSKLF
SODQHVDWYDULRXVWHPSHUDWXUHVREWDLQHGE\PRGLILHG7HUVRIIDQG$%23SRWHQWLDOIXQFWLRQV 
 
 
3.4. Extent of temperature increase during the chip formation process  
&KLS IRUPDWLRQ SURFHVV LQ QDQRPHWULF FXWWLQJ LV GULYHQ E\ WKH SODVWLF GHIRUPDWLRQ PDLQO\
RFFXUULQJ LQ WKH SULPDU\ GHIRUPDWLRQ ]RQH 6XFFHVVLYH ERQG EUHDNLQJ DQG ERQG UHIRUPLQJ
ZLOOWDNHSODFHLQWKHSULPDU\GHIRUPDWLRQ]RQHOHDGLQJWRHQHUJ\UHOHDVHDQGJHQHUDWLRQRI
thermal energy KHDWThe bulk of the generated heat is dissipated into the chip thus the chip 
carries a great amount of heat during its separation from the substrate. ,QRUGHUWRVWXG\WKH
KHDWJHQHUDWHGGXULQJWKHFKLSIRUPDWLRQSURFHVVDQGWKHH[WHQWRIWHPSHUDWXUHLQFUHDVHGXH
WR WKHJHQHUDWHGKHDWIURPWKHLQLWLDOVXEVWUDWH WHPSHUDWXUHDYROXPHRIPDWHULDO îî
QP a  DWRPV VKRZQ LQ )LJ  ZDV FRQVLGHUHG LQ WKH GHIRUPDWLRQ ]RQH DQG WKH
YDULDWLRQVRIWKHWHPSHUDWXUHZHUHPRQLWRUHGRQWKLVYROXPH$VVHHQLQ)LJWKHDPRXQW
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RIWHPSHUDWXUHLQFUHDVHIURPWKHLQLWLDOVXEVWUDWHWHPSHUDWXUHGHFUHDVHVZLWKWKHLQFUHDVHRI
WKHWHPSHUDWXUHRIVXEVWUDWHVLJQLI\LQJOHVVUHOHDVHRIWKHUPDOHQHUJ\GXULQJWKHGHIRUPDWLRQ 
phase at higher temperatures due to weaker bonding between atoms. Also, the maximum and 
minimum thermal energy are found on the (110) and (111) crystal planes, respectively. The 
generated heat in the deformation zone during the chip formation process is transferred to the 
chip, leading to the higher and lower local temperatures on the (110) and (111) orientations, 
respectively, which is analogous to the already observed behaviour in the chip temperature 
shown in Fig. 11. 
 
 
)LJ([WHQWRIWHPSHUDWXUHLQFUHDVHLQWKHGHIRUPDWLRQ]RQHGXULQJFKLSIRUPDWLRQZKLOH
FXWWLQJVLOLFRQRQYDULRXVFU\VWDOSODQHVDQGDWGLIIHUHQWWHPSHUDWXUHV 
 
 
4. Conclusions 
Nanometric cutting of silicon workpiece at a wide range of temperatures was investigated in 
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this paper using MD simulation with two potential energy functions namely the ABOP and 
the modified Tersoff, to provide a superior understanding of FKLSIRUPDWLRQPHFKDQLVP and 
chip morphology in this process. The findings are summarised as follows: 
1. Thinner and taller chips, and greater chip ratio were observed to form when 
nanometric cutting is implemented at higher temperatures or on the (111) crystal 
plane of silicon substrate.  
2. The depth of deformation layer in the silicon substrate was noticed to become greater 
under high temperature conditions. 
3. 0RUHDWRPVLQWKHFXWWLQJFKLSDQGUHGXFHGsubsurface deformation layer depth was 
observed while cutting the (110) crystal plane, attributable to the lower position of 
stagnation region which causes less ploughing action of the cutting tool. 
4. Using the modified Tersoff potential function, the chip velocity angle was observed to 
experience a sudden drop near the melting point temperature (1500 K) of silicon 
while the ABOP did not show such behavior. Further analysis through calculation of 
the phase instability and melting temperatures of silicon demonstrated that the ABOP 
predicts aforementioned parameters much higher than those of the modified Tersoff 
potential. 
5. 7KH PDJQLWXGHV RI WKH IRUFHV H[HUWHG E\ WKH WRRO UDNH IDFH RQ WKH FXWWLQJ FKLS
GHFUHDVHG ZLWK WKH LQFUHDVH RI WKH WHPSHUDWXUH RI VXEVWUDWH IRU WKH FU\VWDOORJUDSKLF
SODQHVVWXGLHG 0RUHRYHUWKHPLQLPXPUHVXOWDQWIRUFHDQGIULFWLRQFRHIILFLHQWDWWKH
WRROUDNHIDFHFKLSLQWHUIDFHZHUHIRXQGZKHQFXWWLQJWKHFU\VWDOSODQHZKHUHDV
WKH\ UHDFKHG WKHLU PD[LPXP YDOXH ZKHQ FXWWLQJ WKH  SODQH ZKLFK FRQILUPHG
WKDW WKH PHQWLRQHG VXUIDFHV DUH WKH HDV\ DQG GLIILFXOW-WR-FXW VXUIDFHV UHVSHFWLYHO\
$OVR WKH ORZHVW FKLS YHORFLW\ DQG FKLS WHPSHUDWXUH ZHUH REVHUYHG ZKHQ XVLQJ WKH
VXUIDFH 
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6. +LJKHUPDJQLWXGHVRIVKHDUSODQHDQJOHZHUHREVHUYHGZKLOHFXWWLQJWKHSODQH
RI WKHVLOLFRQZRUNSLHFHRUDWKLJKHU WHPSHUDWXUHV ,W VLJQLILHVDVPDOOHU VKHDUSODQH
DUHD LPSO\LQJ WKDW VKHDU WRRN SODFH LQ D PRUH FRQILQHG DUHD FXOPLQDWLQJ LQ ORZHU
VKHDUIRUFHV 
7. Lower thermal energy and in turn smaller extent of temperature increase (due to the 
generated heat) in the deformation zone were noticed while cutting silicon on the 
(111) plane or at high temperatures. 
 
$FNQRZOHGJPHQW 
7KHDXWKRUVJUDWHIXOO\DFNQRZOHGJHWKHILQDQFLDOVXSSRUWIURPWKH(365&(3.
DQG5R\DO6RFLHW\-16)&LQWHUQDWLRQDOH[FKDQJHSURJUDPPH,(IRU WKLVVWXG\7KH
DXWKRUV DOVR DFNQRZOHGJH WKH XVH RI WKH (365& (3. IXQGHG $5&+,(-:H6W
+LJK 3HUIRUPDQFH &RPSXWHU DW WKH 8QLYHUVLW\ RI 6WUDWKFO\GH The first author (SZC) also 
would like to thank the help of Dr. Saurav Goel from 4XHHQ¶V8QLYHUVity, Belfast, UK for his 
useful advice. 
 
Appendix A 
,Q RUGHU WR FDOFXODWH WKH PHOWLQJ SRLQW RI VLOLFRQ E\ WKH $%23 DQG PRGLILHG 7HUVRII
LQWHUDWRPLFSRWHQWLDOVILUVWDURXJKHVWLPDWLRQZDVFDUULHGRXWXVLQJWKHRQH-SKDVHPHWKRG
$FFRUGLQJO\ D  ? ?ൈ  ? ?ൈ  ? ? VXSHUFHOO RI VLOLFRQ FRQWDLQLQJ  DWRPV ZDV KHDWHG XS
XQGHU WKH197HQVHPEOH5HIOHFWLYHERXQGDULHV DQG ORZKHDWLQJ UDWHRI  ? ൈ ? ?ଽܭȀݏZHUH
DGRSWHG LQ RUGHU WR DYRLG WKH K\VWHUHVLV SKHQRPHQRQ DQG VXSHUKHDWLQJ >-@7KH SKDVH
LQVWDELOLW\WHPSHUDWXUH7LQVWZDVREVHUYHGDW.DQG.UHVSHFWLYHO\IRUWKH$%23
DQGWKHPRGLILHG7HUVRIISRWHQWLDOVZKHUHWKH/LQGHPDQQLQGH[>@H[SHULHQFHGDQXSZDUG
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MXPSDVLQGLFDWHGLQ)LJ$'XHWRWKHDOWHUDWLRQRIWKHDWRPLFERQGLQJRIVLOLFRQIURPWKH
FRYDOHQW ERQG WR PHWDOOLF ERQG XSRQ PHOWLQJ DWRPLF YROXPH VKULQNDJH FDOFXODWHG XVLQJ
9RURQRLWHVVHOODWLRQ>@HTXDOWRaDQGaZDVQRWLFHGZKHQXVLQJWKH$%23DQG
WKHPRGLILHG7HUVRIISRWHQWLDOIXQFWLRQVUHVSHFWLYHO\ZKLFKDUHFRQVLVWHQWZLWKWKHUHSRUWHG
H[SHULPHQWDOYDOXHV>-@7KHHQWLUHO\PROWHQWHPSHUDWXUH7HPZDVFDOFXODWHGWREH
.DQG.ZKHQXVLQJWKH$%23DQGPRGLILHG7HUVRIISRWHQWLDOIXQFWLRQVUHVSHFWLYHO\ 
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)LJ$9DULDWLRQRIWKH/LQGHPDQQLQGH[XSRQLQFUHPHQWDOKHDWLQJ7LQVWFRUUHVSRQGVWRWKH
SKDVHLQVWDELOLW\WHPSHUDWXUHZKLOH7HPVWDQGVIRUWKHHQWLUHO\PROWHQWHPSHUDWXUH 
 
Appendix B 
7DEOH%)RUFHVIULFWLRQVKHDUSODQHDQJOHFKLSYHORFLW\DQGFKLSWHPSHUDWXUHZKLOHFXWWLQJ
VLOLFRQ RQ GLIIHUHQW FU\VWDOORJUDSKLF RULHQWDWLRQV DW YDULRXV WHPSHUDWXUHV REWDLQHG E\ WKH
$%23SRWHQWLDOIXQFWLRQ 
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HRIWKH
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chip
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